Enhanced and correlated thermal vibrations are studied for Cu(111) and Ni(111) by high-resolution medium energy ion scattering (MEIS) using the ion shadowing effect. We 
I. INTRODUCTION
High-resolution medium energy ion scattering (MEIS) spectroscopy provides a unique and powerful tool for determining precisely thermal lattice vibrations of bulk and surface together with correlations between neighboring atoms. Up to now, there are many reports on phonon dispersion relations along some high-symmetry directions in the first Brillouin zone (BZ) by neutron and light scattering in solids [1] [2] [3] . Electron energy loss spectroscopy and inelastic
He-atom scattering determine the dispersions of surface phonons [4] [5] [6] . Of course, if the dispersion relations for a surface and bulk are completely known in the first BZ, one can deduce the thermal vibration amplitudes (TVAs) of the bulk and surface and also correlation coefficients between neighboring atoms. Thermal vibrations reduce diffraction intensity, known as the Debye-Waller factors. So far, surface Debye temperatures have been analyzed by low energy electron diffraction (LEED) and reflection high energy electron diffraction (RHEED) 7, 8 . Unfortunately, the above analyses cannot be made in a layer-by-layer fashion.
High-resolution MEIS allows a layer-by-layer analysis in near surface regions and gives directly TVAs of bulk and surface atoms together with correlation coefficients between neighboring atoms. In the previous works [9] [10] [11] , we analyzed the enhanced and correlated thermal vibrations for alkali halides and metal-oxides crystals. The results obtained by MEIS agree with those calculated by molecular dynamics (MD) simulations using appropriate pair potentials 12 . Up to now, there are a few reports on the enhanced and correlated thermal vibrations analyzed by MEIS [13] [14] [15] [16] . However, the analytical treatments are incomplete and not systematic. In the present study, we further improved the depth resolution of MEIS and determined the TVAs of the bulk and surface atoms together with the correlation coefficient between the nearest neighbor atoms for Cu(111) and Ni(111). The analysis technique employed here is different from those reported previously [13] [14] [15] [16] . For comparison, the MD simulations were also performed based on the embedded atom methods (EAM) 17, 18 . One of the aims of this work is to evaluate the applicability of the EAM treatment to lattice dynamics of metal surfaces.
II. EXPERIMENT
The Cu(111) and Ni(111) clean surfaces were prepared by many cycles of sputtering with 1 keV Ar + and annealing at 620ºC for 2 -10 min in ultra-high vacuum (UHV) and confirmed by RHEED, Auger electron spectroscopy, and MEIS. The annealing temperature was monitored with a Pt-Rh thermocouple. After confirming the 1×1 surface without any twins by RHEED, the sample was transferred into an UHV scattering chamber and mounted on a 6-axis goniometer without exposure to air. All the analyses were made in situ under an UHV condition better than 2×10 -10 Torr.
We employed 120 keV He + ions provided by a duo-plasma ion source. The The ion-counting imager consists of a three-stage micro-channel plate combined with a position sensitive detector of a semiconductor type, which has a good position resolution of 40 µm. The detail was described in the literature 19 . In order to monitor the beam current precisely, the sample was biased by +90 V and the beam current was conducted to ground via an ammeter. To avoid radiation damage, we shifted the beam position slightly by 1 mm in the horizontal plane after an integrated beam current of 1 µC. Figure 1 however, such a simple pair potential cannot be applied and more accurate treatments is required.
Based on the density functional theory 23 , the total electronic energy for an arbitrary atomic arrangement can be expressed by a unique functional of the total electron density. The idea of the EAM 24 is to introduce the above density functional treatment and to approximate the electron density by the linear superposition of contributions from the individual atoms. Thus the total energy of a system is expressed in the form
where
ρ is the host electron density at atom i due to the remaining atoms of the system and ) ( F i ρ is the energy gained by embedding atom i into the background electron density ρ.
The second term in eq. (1) represents the repulsive interaction potential between two positive cores, atom i and j separated by the distance R ij . Here, it must be noted that i F and ij φ only depend on the element of atom i and on the elements of atoms i and j, respectively. As mentioned above, the total electron density is approximated by the superposition of the outer electron densities of the surrounding atoms,
Such a treatment is reasonable for metals and alloys. The electron density for fcc transition metals is calculated from the Hartree-Fock wave functions 25, 26 by 
where Z 0 is the number of outer electrons and three parameters, α , β , and ν are determined empirically to reproduce the elastic constant and vacancy formation energy. The force acting on the atom i is given by ).
The numerical calculation based on the above treatment takes a long computing time.
Oh and Johnson 18 approximated the above EAM expression and proposed a simple formula for the electronic energy for pure metals. The electron density i ρ and the pair potential are approximated by where b, c, e φ , and f e are the empirical parameters given for each metal of interest and R and R e are interatomic separation distance and its equilibrium value, respectively. The EAM function ) ( F ρ is calculated numerically in advance. In these calculations, the f e value plays no role for pure metals and is assumed to be unity. The empirical parameters and how to calculate ) ( F ρ are referred to the literature 18 .
and Oh and Johnson (EAM-OJ) 18 . The present MD simulations take account of the contributions from the 1st and 2nd nearest neighbor atoms only, because of very small contributions from the atoms more apart.
IV. RESULTS AND DISCUSSIONS
First we determined the surface relaxation using the ion shadowing effect. Figure 2 shows the polar scan spectra for 120 keV He Here, β is defined by 
where i u means the displacement of an atom i from its equilibrium position and the bracket 
Cu ( 
V. SUMMARY
We analyzed the enhanced and correlated thermal vibrations for Cu(111) and Ni (111) However, the present MEIS result is basically in agreement with the MD simulation of EAM-FBD rather than that of EAM-OJ. The EAM-FBD treatment could be widely applicable to surface structures and lattice dynamics of metals and also alloys.
